Abstract. When designing a pile on the steep slope, the calculation is based on a hypothesis of horizontal ground. Obviously, it is difficult to estimate the difference between the calculation result and the actual loading behaviour of the pile foundation. For a UHV (Ultra High Voltage) power transmission project in China, results are compared by two kinds of methods. One is traditional theory; the other is numerical simulation method. It shows that quite different deformation of ground foundation occurs near two sides of the pile cap. The traditional calculating method for the pile foundation can consider the effect by increasing the part of the pile above the ground surface. Reasonability of the increased value can be assessed by the numerical method. The result of numerical simulation shows that the maximum deformation appears in the middle of the pile, but it occurs in the top of the pile by the traditional method. And deformation is evidently larger by the traditional method. Deformation curve is different between the traditional method and the numerical method which can consider frictional resistance around the pile. Quite different are vertical stress values of the pile obtained by two methods.
Introduction
With the implementation of Chinese "West-East electricity transmission project", "UHV (Ultra High Voltage) power transmission" and other significant energy strategies, the technology of ± 800kV HVDC power transmission has been widely used for the output of hydropower from the Jinsha River and Yalong River. Some projects have been put into operation, such as Xiangjiaba-Shanghai ± 800kV HVDC power transmission project, Jinping -Southern Jiangsu ± 800KV HVDC power transmission project. With the construction of these important projects, power transmission towers are higher, so the vertical and the lateral load applied on one foundation are getting larger and larger [1] .
As is known to all, China has rich hydropower resources in Sichuan, Yunnan, Tibet, and so on. There are more high mountains, steep slopes in these regions. So the pile foundation on steep slope is very common [2] [3] . Currently, it is based on the hypothesis of flat ground layer when designing a pile foundation subjected to horizontal load, which is suggested by the code. So it is difficult for engineers either designing the pile foundation on steep slope or locating the tower near a steep slope. Thus, it is valuable in theory and practice to study loading behaviour of piles on steep slope and its calculation method.
Foreign researchers have made some study earlier about the pile foundation bearing horizontal load. Achievements have been obtained in the field of pile groups, deep foundations, pile on slope or Rigid soil, etc [4] [5] [6] [7] . Recently, with the construction of highways, hydro projects, and UHV power transmission projects in China, it have made some researches about design methods for pile foundation on slope and the interaction between pile and soil. These have produced many findings [8] [9] [10] [11] .
However, few of results have referred to the loading behaviour of pile foundation pulled up on a steep slope [8] . For power transmission projects, uplift loads often play a decisive role in the design of pile foundation, which is typically different from piles in other projects.
Based on the available achievements, theoretical analysis and numerical calculation are both conducted for a pile foundation on steep slope in a Chinese UHV power transmission project. It shows distinctly the loading behaviour of pile foundation on steep slope either pulling up or pressing down, which can offer data support for designing the pile foundation on steep slope in transmission projects. which is over 2000km. The elevation difference of this project is nearly 2900m. Almost 60% of the line is in steep mountains, involving a large number of pile foundations on steep slope. In this project a tower has a rotation of turning left 0 37 '. The location is in the ridge slope of a mountain along the Yangtze River, and it is a cypress grove (shown in Fig. 1 
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Theoretical analysis
Theoretical calculation adopts the method recommended in "Technical code for building pile foundations" [12] , [13] (hereinafter referred to as "the Code"). Design parameters of the pile are listed in Table 2 and Table 3 . Load cases are shown in Table 4 . Cases listed in table 4 are calculated according to the Code. Calculation diagram is shown in Fig. 2 .
Figure 2. Calculation diagram of the pile
Assuming the cross-section of the pile is a plane anytime, at the ground surface, the horizontal displacement 0
x and rotation angle 0 M should be Horizontal displacement of the pile top is
In which
, EI is bending stiffness of the pile.
Results calculated for each load case are shown in Tables 5 and Table 6 . The calculation increases the depth above ground to consider the effect of the actual steep slope. It can be found that the top of the pile has a displacement either in the case of pulling up or in the case of pressing down. Compared calculation results of two load cases, the ratio of the value of the pile top displacement is proportional to that of the absolute value of the resultant force of horizontal loads(X and Z direction). Besides, the position of the maximum bending moment is at the same depth in two cases, and the maximum stress occurs at the bottom of the pile. Due to the assumption of flat ground layer, it is difficult to consider the missing soil in the outside of the steep slope. Usually it is a simple and approximate method to increase the part of the pile above the ground surface. Obviously the results by this method need to be checked and compared by other methods. 
Model and parameters
Numerical calculation is carried out by the method of FFM. The design section and calculation model are shown in Figure 3 . The whole calculation model is divided into 26660 elements, 28689 nodes. According to the geological survey data, the parameters of the rock and soil are identified in Table 1 based on practical conditions. And the physical and mechanical parameters of the pile can be found in table 3.
Simulation method of pile-soil interaction
In order to fully evaluate the pile-soil interaction, it is necessary to determine stress and strain distribution of the pile and the soil respectively, and the data of displacement and stress distribution on the contact area. Then a comprehensive study can be made about factors influencing the pile-soil interaction. This problem is one of contact problems between different kinds of media in solid mechanics. It is a typical nonlinear problem, which could contain nonlinear material, or nonlinear contact, etc. In the calculation, the interaction between the pile and the soil is simulated by setting contact surfaces between the pile and the soil. That is to say, Surface-to-Surface contact is built. Then the interaction effect between the two kinds of media is represented by the contact stiffness, F=kΔ (k is the contact stiffness). This is shown in Fig. 4 .
Figure 4. Schematic diagram of pile-soil contact
Eight-node isoparametric element is used in rock and soil (SOLID185). When analyzing the contact of the pile and soil, surfaces of the pile are of rigid target surface (TARGE170), and surfaces of the rock and soil are of contact surface (CONTA174). The target surface and the contact surface are combined together to form a contact pair.
Results and discussion
Deformation behavior of the pile
In view of the horizontal displacement of the pile, at the depth of 6m from the pile top, in two cases the result of the pile axis by numerical simulation is close to that of standard values of loads by theoretical calculation according to the code (see Table 7 ). Based on the traditional theory suggested by the code, the result is reliable using a larger height value (6.0m) of the pile above ground surface than the actual height. The horizontal distance is 7.0m from the centre of the section at the depth of 6.0m to the slope surface. It is about 2.7 times the diameter of the pile. Overall, numerical results show that the maximum deformation occurs in the middle of the pile and theoretical results is at the top of the pile (see Table 5 and Fig. 5 ). Considering a free height of 6.0m, the theoretical deformation is significantly larger. In fact the height of 6.0m is surrounded by soil and rock on the steep slope. In view of vertical displacement, the tension side obviously has a difference with the compression side of the pile (see Fig. 6 ), which is consistent with the characteristics of bending deformation. This could not be considered by the theoretical method. Based on the traditional theory suggested by the code, the result is reliable using a larger height value (6.0m) of the pile above ground surface than the actual height. The horizontal distance is 7.0m from the centre of the section at the depth of 6.0m to the slope surface. It is about 2.7 times the diameter of the pile. Overall, numerical results show that the maximum deformation occurs in the middle of the pile and theoretical results is at the top of the pile (see Table 5 and Fig. 5 ). Considering a free height of 6.0m, the theoretical deformation is significantly larger. In fact the height of 6.0m is surrounded by soil and rock on the steep slope.
In view of vertical displacement, the tension side obviously has a difference with the compression side of the pile (see Fig. 6 ), which is consistent with the characteristics of bending deformation. This could not be considered by the theoretical method. 
Vertical stress (Sy) of the pile
In view of vertical stress (see Fig. 7 ), in two cases the traditional method or the numerical method both show that maximum vertical stress emerged at the bottom of the pile. Two methods also reveal that the position of maximum moment is basically same, which is located on the middle of the pile.
From the view of stress value, it is quite different between theoretical calculation and numerical simulation. The theoretical calculation assumes that there is no lateral frictional force, and adopts the equation of deflection curve. However, the numerical simulation results, which have considered the frictional resistance, show that there are some differences in the curves of deformation, which leads to the difference of the value of stress in Y direction. In addition, numerical results indicate stress concentration at the bottom of the pile. Fig . 8 shows the horizontal displacement and the first principal stress distribution in pressing case. Fig. 9 shows them in pulling case. Due to the landform of steep slope, displacement down slope is large. In two cases it could see obvious deformation of the covering soil layer near the pile cap, but it is not obvious for the horizontal displacement of the bedrock. Compared to results of the pile foundation in flat ground, the pile foundation on steep slope presents an asymmetry image as to the ground deformation near the pile head. This is because of the difference of in-situ stress between flat ground and steep slope.
(a) horizontal displacement (unit: m) (b) the first principal stress (unit: Pa) Figure 9 . Loading behaviour of the foundation in pulling case Stress concentration also can be seen for the first principal stress at the bottom of the pile in two load cases. This is because of the rotation of the pile occurs in the foundation under horizontal loads, when considering pilesoil interaction by contact surfaces.
Conclusions
Based on the above analysis, conclusions can be made as follows:
(1) For the pile on steep slope, the traditional calculation models could basically meet the need of UHV transmission projects, but the effect of steep slope can never be ignored. It is a simple and effective method to increase the part of the pile above the ground surface. The value increased is suggested by a formulation of (2.5~3.0) D tanα in which D is the diameter of the pile , and α is the dip angle of the steep slope.
(2) The result of numerical simulation shows that the maximum deformation appears in the middle of the pile which has been supposed to appear on the head of the pile according to theoretical calculation. It is considered unconstrained for the part above the ground surface increased factitiously, but this part is surrounded by soil and rock on the steep slope. The theoretical deformation is obviously larger than the actual value. When subjected to horizontal load, the theoretical calculation assumes that there is no lateral frictional force around the pile, and adopts the equation of deflection curve. However, the numerical simulation results, which have considered the frictional resistance, show that there are some differences in the deformation curves. Two methods have showed the same position of the maximum moment, which is located in the middle of the pile.
(3) For the pile foundation on steep slope, numerical simulation presents an asymmetry image as to the ground deformation near the pile head. This is because of the difference of in-situ stress between flat ground and steep slope. Due to the effect of horizontal loads, stress concentration is obvious at the bottom of the pile foundation on steep slope either in pressing case or in pulling case.
Overall, the topography of steep slope will result to obvious differences of the deformation and stress distribution on both sides of the pile foundation. When considering surface frictional resistance of the pile, the deformation of the pile is more complicated. So the method of numerical simulation can be used for checking results by the theoretical method according to the code when designing pile foundation on steep slope for UHV transmission projects. And further studies should be made to modify the traditional theory considering the effect of a steep slope.
